The dispersion relation on the Kerr constant (K) of a polymer-stabilized isotropic phase (PSIP) liquid-crystal (LC) composite is investigated. Our experimental results show that K decreases as the wavelength (λ) increases. The single-band birefringence dispersion model is used to fit the λK values of the PSIP LC composite. Very good agreement between the experiment and physical model is obtained.
I. INTRODUCTION
The Kerr effect is a second-order electro-optic (EO) effect [1] ; it has been studied extensively in gases and liquids, such as benzene, CS 2 , CCl 4 , water, nitrotoluene, and nitrobenzene [2] [3] [4] . In a Kerr medium, the electric-field-induced birefringence is proportional to the electric field (E) as
where λ is the wavelength and K is the Kerr constant [1] . Several high-speed (∼ns) EO modulators based on Kerr media have been demonstrated. However, the required operating voltage is quite high (∼kV) because the Kerr constant is fairly small (∼10 −12 m/V 2 ). Recently, polymer-stabilized blue-phase liquid crystals (PSBP LCs) have been developed [5] [6] [7] [8] . The corresponding Kerr constant of these PSBP LC composites is ∼3-4 orders of magnitude larger than that of isotropic liquids because of the short-range interaction of LC molecules. As a result, the operating voltage is significantly reduced [9, 10] . PSBP exhibits some revolutionary features as compared to conventional nematic liquid crystals in the following aspects: (1) the isotropic dark state, which leads to wide and symmetric viewing angle, (2) a submillisecond gray-to-gray response time [11] , which enables color sequential displays with tripled optical efficiency and resolution density, (3) no need for alignment layers, and (4) insensitivity to the cell gap, provided that in-plane switching (IPS) electrodes are employed. Therefore, PSBP liquid crystals are attractive for high-speed photonics and display applications [12, 13] . In the PSBP precursor, the blue phase temperature range is widened (7) (8) (9) • C) as compared to the pure blue phase range of the LC-chiral mixture (1-2
• C), but it is still relatively narrow. The UV curing process could take place either in a blue phase or in an isotropic phase to extend the temperature range. In the latter case, the LC composite is called the polymer-stabilized isotropic phase (PSIP). From a macroscopic viewpoint, both PSBP and PSIP LC composites are optically isotropic in the voltage-off state due to self-assembly nanosized lattice structures [14] . Therefore, the EO effects of PSBP and PSIP can be described by the Kerr effect.
However, Eq. (1) has raised some confusion: (1) Will the induced birefringence keep on increasing as the electric field increases? (2) Will the induced birefringence increase with the wavelength because K is called a "constant"? The first confusion has been clarified recently, and an "extended Kerr effect" [15] has been developed to correctly predict the saturation phenomenon in the high-field region of a PSBP liquid crystal. Regarding the second question, some scattered experimental data and theories can be found in literature for isotropic liquids and gases [3, 4] , but, to the best of our knowledge, the implicit dispersion relation of the Kerr constant for PSIP has not been explored.
In this paper, we report the dispersion relation on the Kerr constant of a PSIP LC composite. Our experimental results show that the Kerr constant decreases gradually as the wavelength increases. We fit the measured Kerr constant with a single-band birefringence dispersion model [16, 17] and obtain excellent agreement. This information clearly answers the above-mentioned second possible confusion and, moreover, it is useful for designing a PSIP LC device for photonics and display applications by taking wavelength dispersion into consideration. Figure 1 shows the experimental setup for measuring the EO properties of a PSIP LC composite with different wavelengths. A narrowband interference color filter was placed in front of the white light source for selecting the wavelength. In our experiment, five color filters with transmission peaks at λ ∼ 450, 500, 550, 633, and 660 nm and bandwidths ∼±5 nm were used and their corresponding voltage-dependent transmittance (V-T) curves measured. In our experiment, an ac voltage with 1-kHz square-wave frequency was applied. Since the white light source has an evident divergence angle, a group of lenses were used to collimate the light. In Fig. 1 , we use one lens to represent this collimating lens group. A collimated light can travel a long distance without much divergence. Finally, a focusing lens was used to collect the transmitted light into a photodiode detector.
II. EXPERIMENT
The PSIP LC used in this experiment comprised a 56 wt% nematic LC host MLC-14200 (Merck, n = 0.17, ε = 30, clearing point T c = 94
• C), 29 wt% chiral dopants (24% CB15 and 5% ZLI-4572, Merck), and 15 wt% monomers (6% RM-257 and 9% EHA). The LC-monomer mixture was injected into an IPS cell with an electrode width ∼10 μm, electrode gap ∼10 μm, and cell gap ∼7.5 μm. The cell was cured by an UV lamp (λ ∼ 365 nm) at 70
• C, which was well above the isotropic temperature of the LC-monomer mixture. The LC cell was sandwiched between two crossed polarizers with the striped electrodes oriented at 45
• with respect to the polarizer's transmission axis. We measured the V-T curves at room temperature (∼23
• C) under different wavelengths. Figure 2 shows the measured V-T curves of the LC composite at five wavelengths. From left to right, the corresponding wavelengths are 450, 500, 550, 633, and 660 nm. Because the luminous flux of each wavelength is different, we normalize the transmittance of each wavelength to its own peak value. The operating voltage is lower at a shorter wavelength for two reasons: (1) The induced phase retardation is inversely proportional to the wavelength, thus a shorter wavelength will exhibit a larger phase retardation under the same driving voltage; and (2) under normal dispersion conditions the induced birefringence decreases as the wavelength increases. Considering these two factors, the on-state voltage is lower for a shorter wavelength.
III. PHYSICAL MODELS AND DISCUSSIONS
To study the detailed dispersion relation of the PSIP LC composite, we carried out simulations to fit the experimental data shown in Fig. 2 . First, we calculated the electric-field distribution in our IPS cell at voltage-on states using a finiteelement method [18] . Then for each wavelength we used the following extended Kerr effect model [15, 19] to calculate the induced birefringence based on the electric-field distribution:
where n sat is the saturated induced birefringence and E s is the saturation electric field. Afterward, we used the extended Jones Table I . It is interesting to note that the fitting results of E s are the same for all the wavelengths studied. Because at a given temperature and voltage the LC director reorientation profile is determined by the balanced elastic and electric torques, the LC director distribution will not be affected by the wavelength. However, the V-T curves will be different for different wavelengths because the induced birefringence ( n sat ) does depend on the wavelength, as shown in Table I . Moreover, the phase retardation varies with the wavelength.
The lower part of Fig. 3 shows the wavelength-dependent n sat for the PSIP LC composite; here squares stand for the experimental data listed in Table I and the solid line represents the fitting curve with the following single-band birefringence dispersion model [15, 16] : 041706 (2011) where λ * is the average resonant wavelength of the LC composite and G is a proportionality constant. For a conjugated LC compound, the two π → π * electronic transitions usually occur in the UV region [22] and G decreases as the temperature increases according to the order parameter S = (1 − T /T c ) β ; here the exponent β is a material constant [23] . For a multicomponent LC mixture, there will be several different π → π * electronic transition wavelengths, depending on the conjugation length of the individual compound. In the off-resonance region, the single-band model treats these π → π * transition wavelengths as an average wavelength λ * . This model works equally well for both single-compound and eutectic mixtures [24] . Similar to nematic LCs, the dispersion of the PSIP LC composite also follows the single-band birefringence dispersion model well. Through fittings, we find λ * ∼ 216 nm and G ∼ 1.205 × 10 −6 nm −2 . To correlate the dispersion property of the LC composite with the LC host, we also measured the birefringence dispersion of the LC host (MLC-14200) using an Abbe refractometer. The measured data are included in the upper part of Fig. 3 , where the solid (blue) line is the fitting curve based on Eq. (3) with λ * ∼ 218 nm and G ∼ 3.047 × 10 −6 nm −2 . The two obtained λ * values agree with each other to within 1%. This is not surprising because the dispersion of the PSIP LC composite is primarily determined by the LC host employed. On the other hand, the decreased G value of the polymer-stabilized optically isotropic LC composite mainly originates from the decreased LC concentration. In our PSIP LC composite, the LC concentration is only ∼56 wt% and the rest are chiral dopants and photocurable monomers. Thus, the expected decrease in birefringence is ∼44%, but the obtained G value is decreased by ∼60%. This excessive ∼16% reduction could be attributed to two unaccounted factors: (1) The LC composite has a lower clearing temperature than its host, and (2) some LC molecules could be trapped by the polymer networks during polymerization process. The lower clearing point leads to a decreased order parameter while the trapped LC molecules are hardly reoriented by the applied electric field.
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From Fig. 3 , the n sat of the PSIP LC composite decreases as the wavelength increases. When the wavelength is much longer than the resonant wavelength, i.e., λ λ * , the induced birefringence gradually saturates to a plateau (Gλ * 2 ) according to Eq. (3). When a PSIP LC composite is used in the infrared region (say, λ > 1 μm), the induced birefringence will reach a saturation level, similar to nematic liquid crystals.
In the low electric-field region (E E s ), the extended Kerr effect [Eq. (2) ] is reduced to conventional Kerr effect [Eq. (1)]. With Taylor's expansion, the Kerr constant is expressed as [15] 
As shown in Table I , the obtained Kerr constant decreases gradually with wavelength. Based on Eq. (4), we derive the dispersion relation of Kerr constant as follows:
where
s is a proportionality constant. In Fig. 4 , we fitted the Kerr constant data with Eq. (5) using λ * ∼ 216 nm In the low-field region, the conventional Kerr effect is valid and λK is a coefficient for calculating the induced birefringence under a given electric field. From Eqs. (3) and (4), the term λK has the same dispersion relation as n sat , which can be described well by the single-band model. Therefore, to take the implicit wavelength dependency of the Kerr constant into consideration, it would be clearer to rewrite the conventional Kerr equation as
where K o = λK (in units of m 2 /V 2 ) is the modified Kerr coefficient representing the Kerr effect at a given wavelength and temperature. Apparently, K o decreases with the wavelength and temperature according to the single-band model. The temperature-dependent Kerr constant K is indeed following the order parameter, as validated experimentally [25] . In the high-field region, the conventional Kerr effect is no longer valid so that the extended Kerr effect [Eq. (2)] has to be used.
IV. CONCLUSIONS
The dispersion relation of a polymer-stabilized optically isotropic LC composite is investigated. The experimental results of λK follow the same dispersion trend as its nematic host LC, and can be described well by the single-band birefringence dispersion model. For display and photonic applications, the wavelength-dependent Kerr constant has to be taken into consideration.
